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77Frequency response and zero load rate tests at varying temperatures on the two circuits established the minimum temperatures at which performance requirements were met. Time versus temperature data from A-7D Category II Tests was used in heat transfer calculations to provide a comparison of warm up times for aircraft systems using 3000 or 8000 psi.
Results of all tests and analysis indicate that there is no essential difference in warm up time for systems operating at 3000 or 8000 psi. 
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INTRODUCTION
The objective of this program was to determine if the use of 3/16 inch tubing with MIL-H-83282 fluid in an 8000 psi hydraulic system degrades system performance or results in unacceptable waiting time for system to warm to operating temperature. Dynamic performance can be affected due to increase in viscosity of hydraulic fluids at low temperature. The combinations of high flow demand, small tube diameters, and low temperatures present a unique set of problems which are solvable given adequate information and test data. Some performance characteristics such as line and orifice pressure drop at steady state conditions may be analyzed using fairly simple math models. Dynamic performance of a flight control actuator is much harder to predict. A test of the actuator with proper instrumentation under specified conditions is extremely valuable to verify analytical predictions.
System performance was measured in terms of the fluid temperature at which a servo actuator met minimum frequency response and zero load rate criteria. The acceptability of 8000 psi system performance was based upon an equivalent 3000 psi system. The time required from system start up until oil temperature allows the system to meet minimum frequency response requirements is important because it affects weapon system availability and response time once put on an alert status.
For a hydraulic servo system, the actuator output position at any point in time should correspond to the position commanded. When a uniform cyclic input is fed into a servoactuator, the output follows the input very closely at low frequencies. But at high frequency, the output does not follow the input as accurately. The output signal begins to rise later than the input and reaches a maximum sometime after the input does. This error between input and output is a measure of performance and is expressed by the ratio of the output magnitude to the input magnitude. This ratio is called the amplitude ratio.
I
Another measure of performance from the same comparison of input signal to output signal is the angle between the input curve and the output curve which is called the phase angle. When the output begins to follow the input at high frequencies, the output is said to lag the input. The frequency at which the output lags the input by 90 degrees is usually specified as a critical performance criterion.
A third measure of performance is zero load surface rate which determines line size and orifice area for a servoactuator. The surface rate in degrees per second can be converted to the equivalent actuator piston speed in inches per second. If zero load velocity is reduced relative to design requirements at low temperatures, the frequency response will also be reduced.
-4-E2113R
NADC 82132-60
The program plan consisted of the following steps:
o Select a test circuit from an aircraft which is representative and can be duplicated in a test.
o Perform frequency response and zero load rate tests on equivalent circuits at 3000 psi and at 8000 psi. Determine the fluid temperature(s) at which minimum frequency response and rate criteria are met for each system. o Using published data for low temperature environmental tests of aircraft, estimate the length of time for the 8000 psi system to meet minimum frequency response and zero load rate and compare against the time for a 3000 psi system.
Test Circuits
The aircraft circuit used in tests was the wing plumbing for the A-7 aircraft aileron actuator which is installed as shown on Figure 1 . This circuit was selected because of relative high flow rate, long line lengths, and small diameter tubing. In order to accommodate the system within a small volume which could be temperature controlled, the lengths for pressure and return lines for the two hydraulic systems supplying the actuator were averaged and the total number degrees of bends were tabulated. To further insure a fair comparison of 3/16 and 1/4 diameter tubing affect on performance, coil tube assemblies for the 3000 psi and the 8000 psi test circuit were designed in 1/4 inch and 3/16 inch tubing respectively to accept the motion of the actuator housing with respect to the test fixture. The test installation is shown in Figure 3. 
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Test Actuators
The actuator used for the 3000 psig circuit was a production aileron actuator (PN 215-82031) from the A-7 aircraft. The actuator was designed and fabricated by Vought Corporation. The actuator used for the 8000 psi circuit was an aileron actuator (PN 83-00221) from the Lightweight Hydraulic Systems Program Ref [1] . The 8000 psi actuator was also Oesigned and fabricated by Vought. The two actuators were designed for the same performance requirements with the exception of pressure. Output thrust was to be the same, except in order to use standard seals, thrust of the 8000 psi actuator was 33% higher in the extend direction. Servovalve spool diameters were the same. Servovalve orifice area for each actuator was designed for a zero load rate of 10 inches/second. The input linkage gain was the same. The installed length and stroke were the same. The pressure and return port locations were the same. MIL-H-83282 fluid was used for both circuits. Some pieces of hardware were common to both actuators. Figures 4 and 5 are cross section assembly drawings of the two actuators used. 
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Results of Performance Tests
The frequency response results were measured against a performance criteria of -3 db amplitude ratio (AR) and -45 degree phase angle (0) at 8.4 Hz. The value of 8.4 Hz was selected after calculating the frequency at which each actuator would have -3 db AR and -45 degree 0 using known orifice areas, cylinder areas, and idler gain. These calculations assumed full supply pressure to the valve and gave 8.4 Hz for the 8000 psi actuator and 9.94 Hz for the 3000 psi actuator. The value of 8.4 Hz was selected because it would result in the most conservative comparison of the two systems.
2.4.1
Frequency Response Results -The test plan called for frequency response tests to be made on each test circuit at fluid temperatures of -40, -20, 0, +20, +40, +80, and +120 degrees fahrenheit. Due to the uncertainty of cooling a 10 gallon reservoir of oil to the desired test temperature, actual test temperatures varied from-the ideal values. Therefore, all test data plotted shows the actual fluid temperature. Amplitude ratio and phase angle were plotted continuously against frequency at each temperature. This data was surveyed and the following data was obtained.
Frequency at Amplitude Ratio of -3db versus Temperature
Frequency at Phase Angle of -45* versus Temperature
Figures 6 and 7 show plots of the data for Amplitude ratio and phase angle respectively. In order to determine the temperature at which each system met the minimum criteria of 8.4 Hz at -3db or at -45 degrees, various curve fits were attempted on each set of points until a reasonably good fit was obtained. The temperatures at which minimum frequency response criteria were met were -18 and +14 degrees F respectively for amplitude ratio of -3db at 8.4 Hz for the 3000 and 8000 psi systems ( Figure 6) . The temperatures at which -45 degrees phase angle occurred at -8.4 Hz were -20 and +23 degrees F, respectively for the 3000 and 8000 psi systems. The 8000 psi data points above 50 degrees were ignored because they are assumed to be the result of an Instrumentation failure.
2.4.2
Zero Load Rate Test Results -As with the frequency response tests, the test plan called for zero load rate tests to be conducted at fluid temperatures of -40, -20, 0, 20, 40, and 120°F. Because of variation in actual test temperature, all data plotted shows the actual fluid temperature for each data point.
In order to determine the temperatures at which each system met a zero load rate of 10 inches/second, the rate versus temperature data for each system was plotted using various curve fits. The best fit was obtained using a fourth degree polynomial curve for each set of data. Figure 8 shows the plotted rate versus temperature data. The 3000 psi circuit gave 10 inches/second at 340F. The 8000 psi circuit gave 10 Inches/second at 450F. Table 1 summarizes the results of test data. 3.0 ESTIMATE OF 8000 PSI AIRCRAFT SYSTEM WARM UP TIME
Basis for Comparison
All data from tests was on a simulated portion of a total aircraft hydraulic system. The tests established the temperatures at which a typical circuit might reach acceptable performance. The problem remaining was to correlate data from the test circuit with the same circuit in an aircraft which has been cooled to the same low temperature. The aircraft data to be used for comparison is from reference [2) for an A-7D aircraft in environmental tests at Eglin AFB. The wing circuit plumbing in the A-7D is identical to the aileron circuit simulated in performance tests. The specific data used from reference [2) (1) Temperature transducers were installed at critical locations throughout the aircraft hydraulic system. This instrumentation included a temperature transducer to record PC2 pressure oil inlet temperature at the left hand aileron actuator.
(2) The total aircraft was cold soaked at -45 degrees F for 52 hours.
(3) The engine was started and time versus temperature data was recorded.
(4) The flight controls were not cycled. The only flow throughout the hydraulic system during the time period of interest was quiescent case drain and servovalve neutral leakage.
(5) Hydraulic fluid was MIL-H-5606. Table 2 reproduces the data from reference [2] in part. The elapsed time from engine start and PC2 aileron inlet oil temperature is shown.
The plan for estimating the difference in warm up time for typical aircraft 3000 psi system and a typical aircraft 8000 psi system was as follows:
(1) Determine a heat transfer model for the aileron circuit.
(2) Compute the rate of heat into the 3000 psi aileron circuit.
(3) Using the same heat transfer model, substitute surface areas, masses, and coefficients of specific heat for an 8000 psi aileron circuit to calculate oil temperature at aileron inlet versus time.
(4) Rate of heat into the 8000 psi circuit is identical to the rate of heat into the 3000 psi circuit assuming the same horsepower losses in each system. In the time period of interest, heat transfer into the aileron circuit is part of the heat generated by the pump. This heat is carried into the aileron circuit by the oil flow in the pressure line due to servovalve neutral leakage . Figure 9 is a plot of the aileron inlet oil temperature versus time from reference [2] . This figure gives the time to reach critical temperatures in the 3000 psi circuit for the total aircraft. These temperatures all lie within the linear portion of the curve of Figure 9 , therefore, the heat transfer model only duplicated the linear portion of the curve. The heat transfer calculation procedure given in reference [3) was adapted for use in this problem. Assumptions made were: (1) All heat transfer is by convection through walls at tubing, (2) flow rate of warm oil into circuit is constant, and (3) no heat is generated due to pre;sure drop in lines. The method is an iterative procedure with the following essential steps:
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(1) Calculate the heat input in BTU in a given constant time increment.
(2) Calculate an estimate of aileron inlet temperature rise using the known heat input, mass of oil, mass of tubing, and respective specific heat coefficients. For the 3000 psi system, a value for rate of heat input was established by trial and error for a linear time versus temperature curve which coincided with the linear portion of the actual time versus temperature data from reference [2] . The rate of heat input established by this procedure for the 3000 psi system was .660 BTU/sec into the aileron circuit. Figure 10 shows the data used for the 3000 psi and equivalent 8000 psi aileron wing circuits used in the heat transfer model. In order to calculate the time versus temperature cirve for an equivalent 8000 psi system, it was recognized from the plot of the 3000 psi aircraft data that a finite time period was required for hot oil to flow from the pump to the aileron actuator.
Analysis of the aircraft test data from reference [2] indicates that aileron inlet temperature began to rise when the PC2 pump pressurized the system at 133 seconds after en ine start. Extension of the linear portion of the aircraft test data to -40°F gave 170 seconds elapsed time as the start of 
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3000 PSI SYSTEM CIRCUIT DATA USED IN HEAT TRANSFER STUDY is based upon aileron plumbing in fuselage and wing of A-7 aircraft.
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heating for the 3000 psi heat transfer model.
In order to calculate the elapsed time to start of heating for the 8000 psi heat transfer model, the sum of three time periods must be calculated. where: t 1 is the elapsed time from engine start until pump pressurizes system. ti = 133 seconds which is equal to t 1 for the 3000 psi heat transfer model. t 2 is the delta time from system pressurization to the straight line intersection at -40F. t 2 = 37 seconds which is equal to t 2 for the 3000 psi heat transfer model. t is the delta time due to difference in neutral leakage Row of the 3000 psi and 8000 psi systems. Therefore, t 3 = 0 for the 3000 psi heat transfer model. For the 8000 psi heat transfer model, t 3 is proportional to the total elapsed time for the 3000 psi heat transfer model and inversely proportional to the maximum allowable neutral leakage in equivalent 3000 psi and 8000 psi aircraft hydraulic systems. Assuming maximum neutral leakage for each circuit, the time for a unit volume of fluid to flow from the PC2 pump to the aileron actuator inlet is 30.76 seconds. For an equivalent 8000 psi system, the time for a unit volume of fluid to flow from the PC2 pump to the aileron inlet is 43.1 seconds. Since tj and t 2 for the 3000 psi heat transfer model are identical to t 1 and t 2 for the 8000 psi heat transfer models, t 8 00 0 = t 3 000 + t 3 . 
Because the iterative heat transfer model used 10 second increments for each interation, a time delay of 230 seconds was used for the 8000 psi heat transfer model.
Using a time delay of 230 seconds for heating to begin in the 8000 psi aileron circuit, a rate of heat transfer into the circuit of .660 BTU/sec, and the respective surface areas, masses, and specific heat coefficients, values for 8000 psi aileron inlet oil temperature versus time were calculated. The j calculations are shown on Tables 3 and 4. A plot of aileron inlet oil temperature versus time is shown on Figure 9 for the 3000 psi aircraft data and the calculated equivalent 8000 psi aircraft. From Figure 9 , the time differentials to attain the same performance standards may be determined. The following times and temperatures were obtained for -45 degree lag in phase angle and 10 in/sec no load rate and shown on Table 5 . The maximum time difference is for phase angle and is equal to 1.83 minutes. This represents the additional time for the 8000 psi system to be operational if the aircraft is cold soaked, the engine started, and the system allowed to warm up strictly by means of circulation of warm oil at neutral leakage flow rates. It should be pointed out that if control surfaces were cycled periodically after engine start up, there would be no time difference to attain the same performance for the two systems.
Referring back to Figure 9 , the difference in the slope of the linear portion of the time versus temperature curves is due to the reduced surface area and lower mass of the equivalent 8000 psi circuit compared to the 3000 psi circuit. 
NOTES:
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CONCLUSIONS
The adoption of 3/16 inch OD tubing in 8000 psi systems using MIL-H-83282 fluid will not affect weapon system readiness at low temperatures. The test results and analysis of this program show that even though the temperature to achieve the minumum performance criteria was higher for the 8000 psi test circuit in each instance, the time to achieve the temperatures was comparable for the two systems when the total aircraft is considered.
The aircraft data used to establish the time to achieve minimum operating temperature came from low temperature tests on an instrumented aircraft with a 3000 psi hydraulic system. The test procedure for the low temperature tests required starting the engine and reaching the elapsed time and temperatures. No cycling of controls was done during the period of interest. As a result, the 3000 psi aircraft system required 5.5 minutes to reach 34 degrees F at which the zero load rate was met. The only means of heat transfer from warm fluid was by neutral leakage of the system. If the flight controls had been cycled immediately after engine start, the zero load rate temperature would have been reached much more rapidly and would have been reduced to one to two minutes.
The 8000 psi aileron circuit tested was representative of the recommendations of Ref [l) for tube diameters but duplicated 3000 psi system line lengths. The performance of the 8000 psi circuit could have been improved if the circuit tube diameters and line length for each diameter had been designed for reduced line losses and increased actuator rate. This was not done in the interest of reducing the number of variables changed from the 8000 psi circuit to the 3000 psi circuit. Also, duplication of line lengths acted to make the analysis more convervative by not making any circuit changes to reduce the temperatures at which the 8000 psi system met minimum performance criteria. Relatively simple line pressure drop and orifice area math models of the circuit could have been used to determine the changes required to improve performance of the 8000 psi circuit to coincide or more nearly match that of the 3000 psi circuit at each temperature.
The no load rate results showed only a minor difference between the 3000 psi and 8000 psi systems. Calculation of the theoretical zero load rate for each actuator assuming full supply pressure to the valve shows the 3000 psi actuator to be moderately overdesigned with an average rate of 13.15 in/sec. The 8000 psi actuator meets the requirement with an average zero load rate of 10.84 in/sec. The orifice slot width on the 8000 psi actuator would have to be .009 versus .0077 to match the 3000 psi actuator theoretical rate.
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CRITIQUE OF TEST RESULTS
Test Temperatures
Ideally, the performance tests were to be conducted at temperatures of -40, -20, 0, +20, +40, and +120 degrees inlet oil temperature to the aileron actuator. In order to provide sufficient oil at relatively constant temperature for each test, a 10 gallon bladder type accumulator was plumbed into the circuit. The accumulator was pressurized by oil pressure from the pump so that outlet pressure of the accumulator would be fairly constant.
rior to each test, the accumulator, actuator, and all test circuit plumbing were cold soaked for a number of hours. The cold soak time was calculated using a published formula for a cylindrical object. However, as tests were conducted, the resultant oil temperature was not the "ideal" test temperature. This variance is due to the uncertainty of knowledge of the actual bulk oil temperature in the accumulator as there was no way to insert a submerged thermocouple into the accumulator. Therefore, all temperatures in plotted data of test results are based upon actual temperatures recorded during the tests. Also, additional tests were made to assure a sufficient number of data points.
Test Actuators
As nearly as possible, the 3000 psi and the 8000 psi actuators used in the tests were designed for the same performance requirements. The 8000 psi actuator was on loan from the 8000 psi "iron bird" tests being conducted at the Columbus Division of Rockwell International. The 8000 psi tests were conducted first, then the actuator was returned and 8000 psi plumbing was removed from the test circuit in preparation for the 3000 psi performance tests. It was discovered after the actuator was returned to Rockwell that one of the piston seals in the 8000 psi actuator had failed and the other piston seal was failing. The failed seal had leakage of 80-100 cc/min. The immediate concern was if the leaking piston seals had any affect on the test results. It was concluded that the leaking pistons would not affect test results for the following reasons:
(1) The tests were run with no load on the actuator. Large differential pressures were not created across the pistons; therefore, leakage during tests would only be the result of a few hundred psi differential pressure across the seal.
(2) Only one of the piston seals had failed. The actuators are designed for one half of the required thrust and full rate to be available from each half. Therefore, the capability of the seal which had not failed would have been sufficient for the rate dependent tests being conducted.
(3)
The piston seal leakage at worst would only make the 8000 psi actuator operate with reduced performance and would make any conclusions drawn from the tests more conservative.
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